The crystal structure of a ternary complex of human _nununodeficiency virus type 1 reverse transcriptase (HIV-1 RT) heterodimer (p66/p5i), a 19-base/18-base doublestranded DNA template-primer, and a monoclonal antibody Fab fragment has been determined at 3.0 A resolution. (40)(41)(42)(43)(44)(45). The most numerous nucleic acid interactions with protein occur primarily along the sugar-phosphate backbone of the DNA and involve amino acid residues of the palm, thumb, and ringers of p66. Highly conserved regions are located in the p66 palm near the polymerase active site. These structural elements, together with two a-helices of the thumb of p66, act as a clamp to position the template-primer relative to the polymerase active site. The 3'-hydroxyl of the primer terminus is close to the catalytically essential Asp-110, Asp-185, and Asp-186 residues at the active site and is in a position for nudeophilic attack on the a-phosphate of an incoming nucleoside triphosphate. The structure of the HIV-1 RT/DNA/Fab complex should aid our understanding of general mechanisms of nucleic acid polymerization. AIDS therapies may be enhanced by a fuller understanding of drug inhibition and resistance emerging from these studies. A 3.5 A resolution structure of HIV-1 RT complexed with the nonnucleoside inhibitor nevirapine has been reported (8) .
. The overall folding of the subdomains is similar in p66 and p51 but the spatial arrangements of the subdomains are dramatically different. The template-primer has A-form and B-form regions separated by a sigificant bend (40-45). The most numerous nucleic acid interactions with protein occur primarily along the sugar-phosphate backbone of the DNA and involve amino acid residues of the palm, thumb, and ringers of p66. Highly conserved regions are located in the p66 palm near the polymerase active site. These structural elements, together with two a-helices of the thumb of p66, act as a clamp to position the template-primer relative to the polymerase active site. The 3'-hydroxyl of the primer terminus is close to the catalytically essential Asp-110, Asp-185, and Asp-186 residues at the active site and is in a position for nudeophilic attack on the a-phosphate of an incoming nucleoside triphosphate. The structure of the HIV-1 RT/DNA/Fab complex should aid our understanding of general mechanisms of nucleic acid polymerization. AIDS therapies may be enhanced by a fuller understanding of drug inhibition and resistance emerging from these studies.
In retroviruses such as the human immunodeficiency virus type 1 (HIV-1), reverse transcriptase (RT) is the sole enzyme necessary for the catalytic transformation of single-stranded viral RNA into the double-stranded linear DNA that is integrated into host cell chromosomes. HIV-1 RT is composed of two subunits of 66 kDa and 51 kDa (p66 and p5l) (reviewed in refs. 1 and 2). The N-terminal 440 amino acids of p66 constitute the polymerase domain and the C-terminal 120 amino acids comprise the RNase H domain. The p5l subunit of HIV-1 RT corresponds to the polymerase domain of the p66 subunit. HIV-1 RT is the target for 3'-azido-3' deoxythymidine (AZT), dideoxyinosine (ddI), and dideoxycytidine (ddC), the only drugs currently approved for treating HIV-1 infections. Although these drugs are widely used, each has serious side effects, which include toxicity and the rapid emergence of resistant strains of virus (3, 4 -thione derivatives} (5) and nevirapine (6) -are effective inhibitors of HIV-1 RT. However, strains of virus resistant to these compounds also arise rapidly (7) . The mutations that confer resistance to nucleoside and nonnucleoside inhibitors are located in the polymerase domain of HIV-1 RT. The high-resolution structure of HIV-1 RT should accelerate the design of new and improved inhibitors.
A 3.5 A resolution structure of HIV-1 RT complexed with the nonnucleoside inhibitor nevirapine has been reported (8) .
Although the resolution of the study was not sufficient to determine the position of every amino acid and their side chains, the overall folding of the enzyme was described.
We have prepared crystals of a ternary complex (9) of the HIV-1 RT p66/pSl heterodimer, a double-stranded DNA (dsDNA) template-primer, and the antigen-binding fragment (Fab fragment) ofa noninhibiting antibody that diffract x-rays to 2.8 A resolution, and reported the structure ofthis complex at 7 A resolution (10) . At this resolution it was possible to determine the location ofthe template-primer and the relative positions of the polymerase and the RNase H active sites. In addition, it was shown that when the nucleic acid substrate was bound to RT a significant portion of the protein moved out of the nucleic acid-binding site.
Here we report the structure of the RT-dsDNA-Fab28 complex at 3.0 A resolution. The overall arrangement of the enzyme is similar to that previously reported (8 scribed (9, 10 (14) , with subsequent adjustments of loops and side chain orientations. The loop connecting residues 537-543, which was not ordered in the structure of Davies et al. (14), is ordered in the structure reported here. The most prominent electron density for the DNA corresponds to the sugarphosphate backbone. One strategy for building the DNA used fitting of either A-or B-form nucleotides. Another approach used optimized phosphorus positions and positioning of idealized Watson-Crick base pairs. There is good electron density for the primer terminus and the one-base adenine overhang of the template strand. At the blunt end of the duplex, the electron density for the last base pair is relatively poor. Interpretation of the Fab28 structure was initially guided by using the four (3-barrel domains of McPC603 (15 VFor native datasets, this column lists the completeness ofdata to the resolution limit given.
thumb, and connection (8) . Although the structures of the subdomains within p66 and p51 are similar, the relative arrangement of the four subdomains within the two subunits is different. A representative portion of the current atomic model in a 3.0 A resolution electron density map is shown in Fig. 1 . The overall folding of p66 and p51 is shown in Fig. 2 . As expected, the structure of HIV-1 RT in our ternary complex resembles that of HIV-1 RT complexed with nevirapine. However, the precise location of some secondary structural elements, in particular those involved in interactions with the nucleic acid substrate and the Fab, may be different between the two structures. For instance, the p51 polypeptide backbone position corresponding to 31llb, (312, /313, and (314 in p66 was uncertain in the RT/nevirapine complex and is ordered in the structure reported here. This could be due in part to the fact that Fab28 is bound to p51 at the region corresponding to (311b-P12 in p66.
The template-primer binds in a large cleft formed by the fingers, palm, and thumb of p66. The connection subdomains of p66 and p51 and the p51 thumb make up much of the "floor" of the template-primer binding cleft; however, there are few contacts between the DNA and the floor of the cleft. Strand (318 of p66 interacts with the template and the primer. Helix aL of p5l makes contact with the primer strand, and (320 ofp5l makes contact with the template strand; these may be the only close interactions between p5l and the DNA.
The distance between the polymerization and RNase H active sites, as measured by the dsDNA in the complex, is 17 or 18 nucleotides. Biochemical estimates of the separation using an RNA/DNA substrate have ranged from 7 to 19 nucleotides (19) (20) (21) (22) . Our previous measurements of 15 or 16 nucleotides used a straight B-DNA model as reference (10) and not the actual bent A/B DNA hybrid (see below).
Relative to its position in p66, the thumb of p51 is moved away from the palm and makes significant contacts with RNase H. The connection subdomain ofp5l is folded up onto the palm of p51 between the fingers and the thumb. As a consequence, pSl does not have a DNA-binding cleft. This is consistent with the observation that in the heterodimer, p51 has no polymerase activity (23, 24 groove of RT in HIV-1 RT/Fab28 crystals that did not contain DNA (10) . This density has now been identified as the p66 thumb, indicating that this is a flexible element in the structure. The p66 thumb is in an upright position in the DNA-containing structure reported here and in the complex with nevirapine (8) , suggesting that the binding of nevirapine affects the position ofthe thumb, and potentially, its mobility.
RNase H Domain in the IIV-1 RT-dsDNA Complex. Although there are minor differences, the structure of RNase H conforms well to the structure ofthe free RNase H domain (14 (18) showing arrangement of secondary structural elements within the p66 (A) and p51 polymerase (B) domains of HIV-1 RT. Spirals represent a-helices and arrows represent (-strands. Enumeration of secondary structural elements and naming and coloring of the subdomains of the polymerase domains as fingers (cyan), palm (red), thumb (green), and connection (yellow) follow the conventions used in the description of HIV-1 RT complexed with nevirapine (8) . The boundaries defining the secondary structural elements (named in the SS columns, largely defined using routine YASSPA of program o) are listed below the diagrams, including those for the RNase H domain, which is not shown. Residue numbers in p51 have 1000 added to distinguish from corresponding residues in p66. For consistency, the secondary structural elements assigned to each subdomain were kept as proposed before (8) . The main structural differences between the reported RT/nevirapine complex and the RT/DNA/Fab complex reported here are (i) (0, (35a, ,31la, ,321, and (822 are additional (-strands in p66 and 80 and ,B5a are additional (strands in p51; (ii) strand /35a appears to be part of aB in the RT/nevirapine complex; (iii) (35b in p66 and p5l and ,Bllb in p66 in our structure may correspond to ,(5 and (ll, respectively, in the RT/nevirapine complex; (iv) the region between (lla and the thumb of pS1 is ordered in our structure; and (v) the electron density corresponding to helix G in the RT/nevirapine complex is weak in p66 and p51 in our structure, not currently permitting a clear secondary structure assignment.
potential interactions with the DNA include aA, aB, the 31-(82 hairpin [using the RNase H nomenclature of Davies et al. (14)], and the loop containing His-539. dsDNA is not used as a substrate by the RNase H of HIV-1 RT and the template strand in the complex is not in a position that is favorable for cleavage by RNase H. The composition of the template-primer, and consequently its structure, could regulate RNase H activity.
Structure of the dsDNA Template-Primer in the Complex with HIV-1 RT. The structure of HIV-1 RT complexed with the 19/18 DNA template-primer is shown in Fig. 3 . The DNA in the crystals is a template-primer composed of oligonucleotides of 19 and 18 bases (10). We have used Tem and Pri to designate positions in the template and primer strands, respectively. The positions are numbered from 5' to 3'. The template-primer conforms more closely in structure to classical A-form DNA near the polymerase active site and to B-form DNA near the RNase H active site. RNA/RNA and RNA/DNA duplexes, which are expected to adopt an A-form conformation (28) , are used as template-primers during retroviral reverse transcription. Because RT must be able to use these template-primers it may induce the DNA/DNA duplex to adopt a similar conformation. There is a significant bend in the DNA duplex such that the helical axes of the A-form and B-form portions make an angle of about 40-45° (Fig. 3A) .
The bend is distributed over approximately four nucleotides and occurs in the vicinity of contacts with helix aH of the p66 thumb (Fig. 3B) . A modeling study of an A-to B-form DNA transition predicted a DNA bend of 260 at the A/B junction (29) . Bending of the template-primer may have functional implications for RT catalysis, translocation, fidelity, and/or processivity. It will be interesting to see if a similar bend occurs with different template-primers or with other polymerases.
Contacts Between HIV-1 RT and the dsDNA TemplatePrimer. The most extensive contacts between DNA and protein involve the sugar-phosphate backbone of the nucleic acid and the palm, thumb, and fingers subdomains ofp66 (Fig.  3B) . The p66 palm contains the polymerase active site that is defined by a triad of aspartic acid residues at positions 110, 185, and 186. These amino acids may bind the divalent cations that are required for catalysis. The 3'-OH of the primer terminus is close to the catalytic triad (Fig. 4) and is appropriately positioned for nucleophilic attack on the a-phosphate of an incoming nucleoside triphosphate. In support of this interpretation, a mercurated nucleoside triphosphate binds at precisely this site (10) . As shown in Fig. 3B , the regions surrounding the polymerase active site correspond to motifs that are conserved in polymerases (26, 27 palm of p66 has considerable structural similarity to the polymerase active site of the Klenow fragment of Escherichia coli DNA polymerase I (8, 30) , suggesting that these polymerases diverged from a common ancestor and that other polymerases will make similar contacts with nucleic acids in this region. As noted earlier (8) and unambiguously defined by this study, the orientation of nucleic acid synthesis by Klenow fragment is opposite to that originally proposed (30) .
The palm and thumb ofp66 appear to act together as a clamp that positions the template-primer relative to the polymerase active site. We have designated the 8312-j313 hairpin, which is close to the nevirapine-binding pocket (8) , as the "primer grip" because of its proximity to the phosphate that joins the nucleotides at the primer terminus (i.e., the phosphodiester linkage between Pril7 and Pril8, Fig. 4) . The "template grip" consists ofportions ofthe p66 palm and fingers that are closely associated with nucleotides of the template strand. These include 34 and aB of the fingers (near Teml, Tem2, and Tem3), the (8-aE connecting loop (near Teml and Tem2), and ,85a of the palm (near Tem3 and Tem4). Kohlstaedt et al. (8) suggested that the p66 fingers might be involved in binding the template. We have built models with extended templates that strongly suggest that the p66 fingers, in particular (34 and the (33-134 loop, position a longer template strand.
The aH helix of the p66 thumb makes contacts with the sugar-phosphate backbone ofthe primer strand. The adjacent antiparallel helix al makes contacts with the sugar-phosphate backbone of the template strand. These helices may function as tracks over which the template-primer moves during translocation (Fig. 3B) . Although the thumbs of Klenow fragment (30) 
